Introduction {#s1}
============

Articular cartilage covers the surfaces of all diarthroidal joints. It is a highly hydrated tissue that serves to distribute loads to bone ends and facilitates near frictionless movement [@pone.0058899-Mow1]. Damage to articular cartilage via trauma or disease is a clinical challenge, as the tissue has limited ability to self-repair, leaving it vulnerable to further degeneration. There are two cell types commonly investigated in the repair of cartilage: chondrocytes and mesenchymal stem cells (MSCs). Chondrocytes are the resident cells in articular cartilage. They produce the extracellular matrix (ECM) and release degradation enzymes to remove aging matrix, maintaining tissue homeostasis. MSCs are multipotent stem cells with the ability to differentiate into multiple cell lineages, including chondrocytes, and reside within the bone marrow [@pone.0058899-Pittenger1]. A common surgical strategy used to repair articular cartilage defects, microfracture, utilizes MSCs naturally residing within the bone marrow as a cell source for tissue repair [@pone.0058899-Kalson1].

Damage to diarthroidal joint tissue, whether due to sports injuries or overuse, causes early-onset osteoarthritis (OA) through multiple mechanisms, including joint instability that causes irregular force distribution [@pone.0058899-Fitzgerald1], [@pone.0058899-Buckwalter1] and local inflammation [@pone.0058899-Catterall1], [@pone.0058899-Cameron1]. To date, there are no disease-modifying drugs for effective management or treatment of OA. Preventative theraupetics that reduce the progressive cartilage damage after injury could potentially decrease the prevalence of early-onset OA. Local inflammation is a potential therapeutic target, as inflammation results in increased levels of ECM degradation enzymes. Inflammation can be driven by inflammatory cytokines or other stimuli. The inflammatory process triggers increased expression of pro-inflammatory cytokines creating a positive feedback loop and further perturbs joint space homeostasis. Nuclear factor-κB (NFκB) is a transcription factor that regulates the expression of inflammatory cytokines and degradation enzymes implicated in OA [@pone.0058899-Cameron1]. As NFκB is a central transcription factor in the inflammatory process, inhibition of NFκB activity has been proposed as a potential therapeutic target [@pone.0058899-Marcu1].

In the present work, we investigated a platform technology containing multiple *N-*acetylhexosamines functionalized in a similar manner, specifically 3,4,6-*O*-Bu~3~GalNAc, 3,4,6-*O*-Bu~3~ManNAc and 3,4,6-*O*-Bu~3~GlcNAc. The chemical structures of 3,4,6-*O*-Bu~3~GlcNAc, 3,4,6-*O*-Bu~3~GalNAc and 3,4,6-*O*-Bu~3~ManNAc are shown in [Figure 1A--C](#pone-0058899-g001){ref-type="fig"}; these molecules are subsequently denoted as GlcNAc-a, GalNAc-a and ManNAc-a, respectively, in this manuscript. We evaluated the general effects of these analogs on IL-1β-stimulated chondrocytes and on chondrogenic-induced MSCs to determine their potential to be developed into disease-modifying agents for treating cartilage damage. The results of this work suggest the potential of a new class of hexosamine analogs as disease modifying agents for treating cartilage damage and suggest multiple angles to explore when developing cartilage therapeutics.

![Outline of experimental design. Chemical structures of C1-OH tributanoylated hexosamines,\
(A) *N*-acetylglucosamine (GlcNAc-a), (B) *N*-acetylgalactosamine (GalNAc-a) and (C) *N*-acetylmanosamine (ManNAc-a). (D) Chondrocytes and (E) chondrogenic-induced MSCs were cultured in 3D poly(ethylene glycol)-diacrylate (PEGDA) hydrogels. (D) IL-1β-stimulated chondrocytes were exposed to varying concentrations of each of the three analogs in separate experiments. (E) Chondrogenic-induced MSCs were cultured with or without IL-1β in combination with varying concentrations of GalNAc-a or 100 nM dexamethasone.](pone.0058899.g001){#pone-0058899-g001}

Materials and Methods {#s2}
=====================

Synthesis of Monosaccharide Hybrid Molecules {#s2a}
--------------------------------------------

Molecules were synthesized as previously reported (3,4,6-*O*-Bu~3~ManNAc [@pone.0058899-Aich1], 3,4,6-*O*-Bu~3~GlcNAc [@pone.0058899-Campbell1] and 3,4,6-*O*-Bu~3~GalNAc [@pone.0058899-Elmouelhi1], denoted as ManNAc-a, GlcNAc-a and GalNAc-a, respectively). Compounds were maintained at −20°C after lyophilization. Stock solutions used for experiments were made periodically by dissolving an analog in 100% ethanol to make a final concentration of 100 mM and storing the solution at 4°C.

Cell Isolation and Culturing {#s2b}
----------------------------

Bovine chondrocytes were isolated from 4-to 8-week-old calves (Research 87, Inc., Boylston, MA), as previously described [@pone.0058899-Kim1]. Briefly, cartilage was dissected from the femoral patellar groove and condyles and minced into approximately 1 mm^2^ pieces. Cells were isolated from the tissue by digesting overnight at 37°C with 2 mg/ml type II collagenase (Worthington Biochemical Corp., Lakewood, NJ). The cell suspension was passed through a 70 µm cell strainer, followed by centrifugation. Cells were washed 3 times using sterile phosphate buffered saline (PBS). Chondrocyte medium was composed of high glucose Dulbecco's Modified Eagle's Medium (DMEM) supplemented with 10 mM HEPES, 0.4 mM L-proline, 50 µg/ml ascorbic acid, 10% (v/v) fetal bovine serum (FBS; Hyclone Laboratories, Inc., Logan, UT), 0.1 mM non-essential amino acids, 100 U/ml penicillin and 100 µg/ml streptomycin.

Goat MSCs were isolated from 2-to 4-year-old goats (Thomas D. Morris, Inc., Reisterstown, MD), as previously described [@pone.0058899-Williams1]. Briefly, bone marrow aspirates treated with 6,000 U/ml heparin were washed twice with PBS. Cells were plated at a density of 120,000 mononuclear cells/cm^2^ and cultured in high glucose DMEM supplemented with 10% (v/v) FBS, 2 mM L-glutamine, 100 U/ml penicillin and 100 µg/ml streptomycin. The following day, tissue culture dishes were washed with PBS and medium was replaced. Medium changes were performed 3 times per week. Cells were passaged using 0.25% trypsin. They were used for experiments after passage four.

Metabolic Activity/Toxicity Screening: Water Soluble Tetrazonium-1 (WST-1) Assay {#s2c}
--------------------------------------------------------------------------------

Chondrocytes were plated in 96-well plates at 10,000 cells/well. Cells were allowed to adhere and spread for 3 days, after which medium was changed to medium containing hexosamine analogs at concentrations ranging from 0 µM-320 µM and cultured for an additional 3 days. The WST-1 assay (Roche Molecular Biochemicals, Mannheim, Germany) was used to determine cell proliferation in the presence of sugar analog following the manufacturer's protocol. Briefly, medium was aspirated from each well and the wells were washed with sterile PBS. One hundred microliters of WST-1 working solution was added to each well and 6 empty wells for background subtraction. The WST-1 reagent was incubated with the cells for 3--4 h, during which time, the enzymatic cleavage of the tetrazolium salt WST-1 to formazan by cellular mitochondrial dehydrogenases resulted in a visible light color shift in the medium. Absorbance of the wells was read using a microplate reader at a wavelength of 450 nm. The absorbance of the wells containing WST-1 reagent with no cells was subtracted from the absorbance readings. Data is presented as the background subtracted reading normalized to 0 µM wells from five independent experiments for each hexosamine analog.

Photoencapsulation in Poly(Ethylene Glycol)-Diacrylate (PEGDA) Hydrogels and Construct Culturing {#s2d}
------------------------------------------------------------------------------------------------

For all 3D culture experiments, cells were photoencapsulated in PEGDA hydrogels, as previously described [@pone.0058899-Williams1], [@pone.0058899-Elisseeff1]. Briefly, 100 mg PEGDA (3.4 kDa, SunBio, Anyang City, South Korea) was dissolved in 1 ml sterile PBS. A photoinitiator solution of Irgacure® 2959 (CIBA Specialty Chemicals) was prepared by dissolving 100 mg of Irgacure® 2959 in 1 ml 70% ethanol. Five microliters of the Irgacure® 2959 solution was added to 1 ml of PEGDA solution. Cells were suspended in the hydrogel precursor solution at a density of 20 million cells/ml and polymerized in sterile molds. Based on previous studies a high cell density was chosen to best support diffentiation and cell phenotype [@pone.0058899-Kavalkovich1], [@pone.0058899-Lin1], [@pone.0058899-Yamaoka1]. Polymerization was carried out using UV light (365 nm, 3.2 mW/cm^2^) exposure for 5 minutes.

For chondrocyte experiments, the cell-laden hydrogels were cultured in chondrocyte medium supplemented with 10 ng/ml IL-1β for 3 days. Following the initial 3 days, constructs were cultured with medium containing specific concentrations of hexosamine analog with 10 ng/ml IL-1β for an additional 21 days. The medium was changed 3 times per week.

For chondrogenesis experiments, the cell-laden hydrogels were cultured in chondrogenic induction medium (high glucose DMEM supplemented with 50 µg/ml ascorbic acid-2-phosphate, 40 µg/ml L-proline, 100 µg/ml sodium pyruvate, 1% ITS-premix (6.25 µg/ml insulin, 6.25 µg/ml transferrin, 6.25 ng/ml selenous acid, 1.25 mg/ml bovine serum albumin \[BSA\], 5.35 µg/ml linoleic acid \[Collaborative Biomedical, BD Bioscience, Bedford, MA\]) and 10 ng/ml TGF-β1 (Fitzgerald Industries International, Acton, MA) with specified concentrations of GalNAc-a or 100 nM dexamethasone (as a control). Constructs were cultured for 21 days with medium changes 3 times per week. For IL-1β stimulation, the cell-laden hydrogels were cultured for 3 days in chondrogenic induction medium supplemented with 10 ng/ml IL-1β. Constructs were cultured for an additional 21 days with chondrogenic induction medium supplemented with 10 ng/ml IL-1β and the specified concentration of GalNAc-a.

Biochemical Analysis {#s2e}
--------------------

The constructs (n = 3 for chondrocyte experiments and n = 4 for chondrogenic experiments) were lyophilized for 48 h and the dry weights measured. Constructs were then homogenized in 125 µg/ml papainase (Worthington Biochemical Corp., Lakewood, NJ) and digested for 16 h at 60°C. Quantification of DNA content was carried out using a Hoescht Dye 33342 DNA assay [@pone.0058899-Kim2]. Calf thymus DNA was used to generate standard curves. Quantification of sulfated glycosaminoglycans (sGAG), a molecule found in cartilage ECM, was carried out using a 1,9-dimethylmethylene blue (DMMB) dye assay; chondroitin sulfate was used to generate standard curves [@pone.0058899-Farndale1]. Quantification of collagen was carried out via measuring hydroxyproline content after hydrolyzing in 6 N HCl overnight at 120 °C. The reaction of hydroxyproline with chloramine-T and p-dimethylaminobenzaldehyde was performed as a measure of total collagen content; hydroxyproline was used to generate standard curves [@pone.0058899-Woessner1].

Histology and Immunohistochemistry {#s2f}
----------------------------------

Constructs were fixed in 10% formalin, embedded in paraffin and sliced into 5 µm sections. After paraffin removal and subsequent rehydration, sections were stained for proteoglycans using Safranin-O and fast green or prepared for immunohistochemistry. For immunohistochemical staining of type II collagen, endogenous peroxidase was quenched using 3% (v/v) hydrogen peroxide in methanol. Sections were then incubated at 37°C with 2.5% (w/v) hyaluronidase and stained using a Histostain-SP Kit (AEC, Broad Spectrum) (Life Technologies, Grand Island, NY) following the manufacturer's instructions. Primary antibody for type II collagen (Fitzgerald Industries International, Acton, MA) was used at a dilution of 1∶100 in 1% (w/v) BSA dissolved in PBS.

RNA Isolation and Real-Time PCR {#s2g}
-------------------------------

Total RNA was extracted using TRIzol^®^ reagent (Life Technologies, Grand Island, NY) following the manufacturer's protocol. cDNA was synthesized using Superscript^®^ II reverse transcriptase (Life Technologies, Grand Island, NY) following the manufacturer's protocol. Real-time PCR was carried out using a StepOnePlus™ Real-Time PCR System (Life Technologies, Grand Island, NY). mRNA amounts for bovine primers were calculated using the ??Ct method. Relative mRNA quantities for goat primers were calculated using the Pfaffl method [@pone.0058899-Pfaffl1]. The PCR primers used are listed in [Tables S1](#pone.0058899.s003){ref-type="supplementary-material"} and [S2](#pone.0058899.s004){ref-type="supplementary-material"}.

Statistical Analysis {#s2h}
--------------------

Data are expressed as mean ± standard deviation (SD) for biochemical quantification and mean ± standard error of the mean (SEM) for gene expression. Statistical significance was determined by student's *t*-test or one-way analysis of variance (ANOVA) followed by Tukey HSD test using SPSS 18.0 software (IBM, Armonk, NY). Significance was determined at P \< 0.05.

Results {#s3}
=======

Effect of Tributanoylated Hexosamine Exposure on Monolayer Chondrocyte Viability {#s3a}
--------------------------------------------------------------------------------

The chemical structures of 3,4,6-*O*-Bu~3~GlcNAc, 3,4,6-*O*-Bu~3~GalNAc, and 3,4,6-*O*-Bu~3~ManNAc are shown in [Figure 1A-C](#pone-0058899-g001){ref-type="fig"}; these molecules are subsequently denoted as GlcNAc-a, GalNAc-a, and ManNAc-a in this manuscript. Because of the previously reported toxicity of these compounds [@pone.0058899-Elmouelhi1], we used the WST-1 assay to determine the dose-dependent viability of analog-treated chondrocytes so as to avoid cytotoxic levels. The analogs did not reduce cell viability at concentrations of less than 40 µM, while reduced viability was observed starting at concentrations of 80 µM for GlcNAc-a and ManNAc-a and 160 µM for GalNAc-a ([Figure S1](#pone.0058899.s001){ref-type="supplementary-material"}). Based on these results, we chose to perform the subsequent studies at analog concentrations up to 150 µM.

Comparison of ECM Production by IL-1β-Stimulated Chondrocytes Exposed to Tributanoylated Hexosamine {#s3b}
---------------------------------------------------------------------------------------------------

After establishing the concentration range to investigate, we next sought to examine the effects of the hexosamine analogs on ECM accumulation by IL-1β-stimulated chondrocytes. As chondrocytes reside within a three-dimensional (3D) network *in vivo*, a 3D hydrogel culturing system was utilized for these studies ([Figure 1D](#pone-0058899-g001){ref-type="fig"}). Also, 3D culture environments minimize chondrocyte dedifferentiation, commonly observed in monolayer cultures [@pone.0058899-Fitzgerald1]. Furthermore, PEGDA hydrogels serve as a "blank slate" with minimal cell and protein interactions to evaluate soluble signals. To model a disease state chondrocytes were exposed to the inflammatory cytokine, IL-1β, for the entire time course of the study. To determine the effect of hexosamine analogs on cell viability after 21 days of exposure within the 3D hydrogels, quantification of the DNA content was performed. DNA quantities were similar across all experimental groups ([Figure 2A](#pone-0058899-g002){ref-type="fig"}).

![Biochemical analysis of DNA and sGAG for 3D hydrogels of bovine chondrocytes exposed to hexosamine analogs in combination with 10 ng/ml IL-1β.\
(A) Dry weight of DNA normalized to the construct had minimal variability across all conditions (n = 3). (B) sGAG accumulation, normalized to DNA content, increased with increasing concentrations of hexosamine analog for all conditions except 150 µM GlcNAc-a exposure (n = 3, \* P\<0.05, \*\*P\<0.01, \*\*\* P\<0.001 versus no analog exposure).](pone.0058899.g002){#pone-0058899-g002}

Cytokine stimulation decreases ECM accumulation by chondrocytes in a manner analogous to cartilage degeneration. Therefore, we quantified sGAG accumulation, a predominant ECM molecule in cartilage, within the cell-laden hydrogels using the DMMB dye assay and normalized to the DNA content of these hydrogels to account for variations in cell number between samples. Exposure of the hydrogels containing cytokine-stimulated chondrocytes to the analogs increased sGAG production. Specifically, all of the analogs increased sGAG accumulation in a dose-dependent manner up to 100 µM, with a further increase at 150 µM for GalNAc-a and ManNAc. However in the case of GlcNAc-a exposure, sGAG levels decreased at 150 µM compared to 100 µM ([Figure 2B](#pone-0058899-g002){ref-type="fig"}), likely due to reduced metabolic activity accompanying slower proliferation of the cells ([Figure S1](#pone.0058899.s001){ref-type="supplementary-material"}). The impact of the hexosamine analogs on sGAG production was confirmed via histological staining for proteoglycans using Safranin-O ([Figure 3A](#pone-0058899-g003){ref-type="fig"}). An increase in proteoglycan deposition can be observed through 100 µM exposure for all analogs, with a further increase at 150 µM for GalNAc-a and ManNAc-a, as evident by red staining intensity when compared to untreated chondrocytes. To further characterize ECM production, type II collagen deposition in the hydrogels was visualized through use of immunohistochemistry. Analog exposure increased type II collagen deposition, indicated by the red/brown stain, starting at 50 µM for all analogs ([Figure 3B](#pone-0058899-g003){ref-type="fig"}) with GalNAc-a exposure resulting in the highest staining intensity. These findings indicate that all three hexosamine analogs have positive effects on stimulating ECM accumulation by IL-1β-stimulated chondrocytes. Furthermore, GalNAc-a exposure induced the greatest cartilage-like tissue formation by the diseased cells, as indicated by increased levels of sGAG content, and proteoglycan and type II collagen staining intensity.

![Histological analysis of IL-1β-stimulated chondrocytes exposed to hexosamine analogs in 3D hydrogels.\
(A) Safranin-O staining for proteoglycans and (B) type II collagen immunostaining (scale bar: 50 µm).](pone.0058899.g003){#pone-0058899-g003}

Altered Gene Expression of IL-1β-Stimulated Chondrocytes Upon Hexosamine Analog Exposure {#s3c}
----------------------------------------------------------------------------------------

Interleukin-1β stimulation of chondrocytes decreases the gene expression levels of ECM proteins [@pone.0058899-Goldring1], [@pone.0058899-Aigner1]. Therefore, we sought to evaluate the gene expression changes of three ECM protein molecules\--aggrecan, type II collagen and type I collagen\--when chondrocytes were exposed to IL-1β and the hexosamine analogs. Chondrocytes increased gene expression of all three ECM molecules when exposed to each of the hexosamine analogs ([Figure 4](#pone-0058899-g004){ref-type="fig"} A-C), consistent with the increased ECM accumulation observed ([Figure 2B](#pone-0058899-g002){ref-type="fig"} and [Figure 3](#pone-0058899-g003){ref-type="fig"}).

![Effects of analog exposure on gene expression of IL-1β-stimulated chondrocytes in 3D hydrogels.\
Gene expression for ECM proteins (A) aggrecan, (B) type II collagen and (C) type I collagen, and inflammatory proteins (D) IκBα, (E) NFKB1 and (F) MMP13.](pone.0058899.g004){#pone-0058899-g004}

We further characterized the effects of exposing chondrocytes to the analog library by evaluating gene expression of NFκB transcriptional targets , namely IκBα, NFKB1 and MMP13. All three hexosamine analogs reduced expression of NFKB1 expression ([Figure 4](#pone-0058899-g004){ref-type="fig"}) and induced a dose-depedent decreaseIκBα expression ([Figure 4E](#pone-0058899-g004){ref-type="fig"}). Gene expression profiles for MMP13 demonstrated an initial maintenance or increase in expression at low concentrations, while at higher concentrations, all analogs decreased MMP13 gene expression ([Figure 4F](#pone-0058899-g004){ref-type="fig"}). The MMP13 gene expression response, along with the decrease in IκBα and NFKB1 gene expression provide evidence that all three analogs act via a similar mechanism to alter the cellular behavior in the presence of IL-1β, namely, by reducing NFκB activity.

Altered ECM Accumulation by Exposure of Chondrogenic Differentiating Mesenchymal Stem Cells to GalNAc-a {#s3d}
-------------------------------------------------------------------------------------------------------

Mesenchymal stem cells are an important cell source for cartilage tissue repair after osteochondral trauma, microfracture surgery and in cell-based therapies. Therefore, we sought to evaluate the effects of GalNAc-a on the chondrogenic differentiation of MSCs. As in the chondrocyte experiments, cells were cultured in 3D hydrogels to better mimic the *in vivo* environment and support chondrogenesis ([Figure 1E](#pone-0058899-g001){ref-type="fig"}). GalNAc-a was utilized for these studies because it facilitated the greatest recovery from IL-1β-induced matrix loss in chondrocytes. Additionally, dexamethasone, known to inhibit NFκB activity, was used as a control for these experiments. Dexamethasone is also a standard medium supplement for chondrogenic induction of MSCs, as it is thought to be necessary for stem cell differentiation [@pone.0058899-Derfoul1], [@pone.0058899-Zimmermann1]. Finally, we chose to evaluate chondrogenesis in the presence or absence of ascorbic acid, which is required for collagen synthesis and is also an antioxidant that reduces inflammation through radical scavenging [@pone.0058899-Sakai1], [@pone.0058899-Conner1].

To determine the impact of GalNAc-a exposure on ECM accumulation by chondrogenic-induced MSCs, we evaluated the biochemical content of the cell-laden hydrogels. GalNAc-a exposure did not change the DNA content in any of the groups evaluated ([Figure 5A](#pone-0058899-g005){ref-type="fig"} and [Figure 6A](#pone-0058899-g006){ref-type="fig"}). ECM accumulation was assessed via sGAG and total collagen quantification. Total collagen accumulation was assayed only in the ascorbic acid-containing medium samples because ascorbic acid is required for collagen synthesis and secretion from cells. GalNAc-a exposure produced a dose-dependent decrease in sGAG in both medium conditions assessed ([Figure 5B](#pone-0058899-g005){ref-type="fig"} and [Figure 6B](#pone-0058899-g006){ref-type="fig"}). Furthermore, GalNAc-a exposure induced a dose-dependent decrease in total collagen accumulation ([Figure 5C](#pone-0058899-g005){ref-type="fig"}). Dexamethasone exposure decreased sGAG accumulation similar to GalNAc-a exposure under both medium conditions ([Figure 5B](#pone-0058899-g005){ref-type="fig"} and [Figure 6B](#pone-0058899-g006){ref-type="fig"}). Dexamethasone exposure also reduced total collagen accumulation ([Figure 5C](#pone-0058899-g005){ref-type="fig"}). The reduction in ECM accumulation was further confirmed via Safranin-O staining for proteoglycans ([Figure 5D](#pone-0058899-g005){ref-type="fig"} and [Figure 6C](#pone-0058899-g006){ref-type="fig"}), and immunohistochemistry for type II and type I collagen ([Figure 5](#pone-0058899-g005){ref-type="fig"} E,F). These findings indicatethat GalNAc-a inhibits chondrogenic differentiation of the MSCs.

![Biochemical analysis of MSCs undergoing chondrogenesis in the presence of ascorbic acid and GalNAc-a or dexamethasone in 3D hydrogels.\
Quantification of biochemical composition of (A) DNA normalized to construct dry weight, (B) sGAG normalized to DNA content and (C) total collagen normalized to DNA content (n = 4, \* P\<0.05, \*\* P\<0.01, \* P\<0.001 versus no analog exposure). (D) Histological staining for proteoglycans using Safranin-O and (E,F) immunohistochemical staining for (E) type II collagen and (F) type I collagen (scale bar: 50 µm).](pone.0058899.g005){#pone-0058899-g005}

![Biochemical and gene expression analysis of MSCs undergoing chondrogenesis (absence of ascorbic acid) in the presence of GalNAc-a or dexamethasone in 3D hydrogels.\
Quantification of biochemical composition of (A) DNA normalized to construct dry weight and (B) sGAG normalized to DNA content (n = 4, \*\*P\<0.01, \*\*\* P\<0.001 versus no analog exposure). (C) Histological staining for proteoglycans using Safranin-O (scale bar: 50 µm). Gene expression analysis of markers for (D-G) chondrogenesis and matrix production with (H) MMP13 were evaluated (presented as described in Figure Legend 6).](pone.0058899.g006){#pone-0058899-g006}

GalNAc-a Alters Gene Expression of Chondrogenic-Induced Mesenchymal Stem Cells {#s3e}
------------------------------------------------------------------------------

We next evaluated gene expression changes related to the chondrogenic markers SOX9, aggrecan and type II collagen, along with type I collagen, a marker for ubiquitous ECM production and fibrocartilage. The chondrogenic transcription factor, SOX9, exhibited a dose-dependent decrease from 50 µM to 150 µM GalNAc-a exposure under both medium conditions ([Figure 6D](#pone-0058899-g006){ref-type="fig"} and [Figure 7A](#pone-0058899-g007){ref-type="fig"}). Fifty micromolar GalNAc-a exposure increased SOX9 expression in the ascorbic acid-containing medium group ([Figure 7A](#pone-0058899-g007){ref-type="fig"}). Aggrecan expression followed a similar trend as SOX9 expression ([Figure 6E](#pone-0058899-g006){ref-type="fig"} and [Figure 7B](#pone-0058899-g007){ref-type="fig"}). Additionally, GalNAc-a exposure decreased type II collagen expression under both medium conditions similar to the immunohistochemistry results ([Figure 6F](#pone-0058899-g006){ref-type="fig"} and [Figure 7C](#pone-0058899-g007){ref-type="fig"}). Type I collagen expression initially increased with 50 µM analog exposure and slightly decreased thereafter under both medium conditions, but remained elevated as compared to no analog exposure ([Figure 6G](#pone-0058899-g006){ref-type="fig"} and [Figure 7D](#pone-0058899-g007){ref-type="fig"}). Dexamethasone exposure decreased the expression of the ECM markers, aggrecan and type II collagen, while increasing expression of type I collagen, similar to the effects of analog exposure ([Figure 6](#pone-0058899-g006){ref-type="fig"} E-G and [Figure 7](#pone-0058899-g007){ref-type="fig"} B-D). Finally, we evaluated gene expression changes for MMP13 after GalNAc-a exposure of chondrogenic-induced MSCs. MMP13 expression increased at all analog concentrations under investigation ([Figure 6H](#pone-0058899-g006){ref-type="fig"} and [Figure 7E](#pone-0058899-g007){ref-type="fig"}).

![Gene expression analysis of MSCs undergoing chondrogenesis in the presence of ascorbic acid and GalNAc-a or dexamethasone in 3D hydrogels.\
Markers for (A-D) chondrogenesis and matrix production and (E) MMP13 were evaluated. All data were normalized to individual β-actin levels and presented relative to untreated controls (no analog, no dexamethasone).](pone.0058899.g007){#pone-0058899-g007}

GalNAc-a Alters ECM Accumulation of Chondrogenic-Induced Mesenchymal Stem Cells Stimulated by IL-1β {#s3f}
---------------------------------------------------------------------------------------------------

GalNAc-a exposure on chondrogenesis in the presence of IL-1β. IL-1β stimulation of chondrogenic-induced MSCs decreased both DNA content and sGAG accumulation ([Figure S2](#pone.0058899.s002){ref-type="supplementary-material"}) similar to IL-1β effects alone on chondrocytes [@pone.0058899-Sun1]. GalNAc-a exposure of IL-1β stimulated chondrogenic-induced MSCs did not have an effect on DNA content ([Figure 8A](#pone-0058899-g008){ref-type="fig"}). However, GalNAc-a exposure decreased sGAG accumulation in chondrogenic-induced MSCs exposed to IL-1β ([Figure 8](#pone-0058899-g008){ref-type="fig"} B and C), similar to the trends observed in unstimulated MSCs ([Figure 5B](#pone-0058899-g005){ref-type="fig"}).

![Biochemical analysis of MSCs undergoing chondrogenesis under IL-1β stimulation and GalNAc-a exposure in 3D hydrogels.\
(A) DNA normalized to construct dry weight and (B) sGAG normalized to DNA content (n = 3, \*\*P\<0.01 versus no analog exposure). (C) Histological staining for proteoglycans using Safranin-O (scale bar: 50 µm).](pone.0058899.g008){#pone-0058899-g008}

Discussion {#s4}
==========

Current available OA therapeutics target pain management and increased mobility at later stages of tissue damage. There remains a significant need to develop disease-modifying agents that reduce OA progression and restore cartilage homeostasis. Patients who may benefit the most from disease-modifying approaches are those with sports-related or overuse injuries which are strong predictors for OA later in life and those undergoing knee surgery. After injury or surgery there is an increase in inflammatory molecules within the joint space that are purported instigators of OA development. In the first embodiment of this work, we evaluated a potential new drug platform for reversing inflammatory changes in chondrocytes and promoting new tissue formation. The drug platform was composed of the three most common mammalian *N*-acetylated hexosamines (GalNAc, GlcNAc and ManNAc) functionalized on the 3,4,6-position hydroxyl groups with ester-linked butyrate groups. In previous studies, these drug candidates have been shown to inhibit NFκB activity in cancer cells [@pone.0058899-Campbell1], [@pone.0058899-Elmouelhi1]. In the present studies, the newly evaluated analog, GalNAc-a, elicited superior enhancement of ECM accumulation by IL-1β-stimulated chondrocytes. We also expanded the analog evaluation to MSCs, another cell type of interest for cartilage repair. A differential response to the analogs was observed between the IL-1β-stimulated chondrocytes and chondrogenic-induced MSCs.

While the mechanism of action for the analogs is hypothesized to be similar, the therapeutic window differed significantly. We observed that all three analogs increased cartilage-like ECM accumulation, as evident by increased sGAG and type II collagen accumulation. However, only GalNAc-a and ManNAc-a exposure maintained increased ECM accumulation through the highest concentration evaluated; GlcNAc-a exposure exhibited a narrow therapeutic window. Furthermore, GalNAc-a exposure exhibited negligible changes in viability at 150 µM in monolayer cell culture, indicating that GalNAc is the ideal candidate for robust tissue production.

Despite the variation in stimulated tissue production and cytocompatibility, the mechanism of action of all three analogs in IL-1β-stimulated chondrocytes likely share important similarities. All three analogs increased ECM-related gene expression levels, while decreasing IκBα and NFKB1 gene expression. The inhibition of the gene expression of these two proteins by the three analogs is consistent with the reduced NFκB activity reported previously [@pone.0058899-Campbell1], [@pone.0058899-Elmouelhi1]. An increase in type I collagen gene expression is generally considered an indicator of fibrocartilage formation. However, with IL-1β exposure, chondrocytes decrease expression of type I collagen. Therefore, increases in type I collagen are likely not at high enough levels to be an indicator of fibrochondrocytes but that of cells recovering the ability to secrete matrix.

Mesenchymal stem cells are a relevant cell type for cartilage repair, particularly when tissue damage reaches into the subchondral bone. A common surgical technique, microfracture, uses resident MSCs in bone marrow to repair cartilage damage [@pone.0058899-Haleem1], [@pone.0058899-Kuroda1]. However, microfracture repair tissue is predominantly composed of mechanically inferior fibrocartilage. There have been reports of hyaline cartilage with the microfracture technique suggesting that the bone marrow-derived MSCs are capable of producing hyaline-like tissue [@pone.0058899-Kuroda1], [@pone.0058899-Frisbie1]. In our study, GalNAc-a exposure resulted in a dose-dependent decrease in chondrogenic differentiation of MSCs in both the presence and absence of IL-1β stimulation. Dexamethasone exposure evoked a similar response. Dexamethasone is known to inhibit NFκB activity via multiple mechanisms through activation of glucocorticoid receptors (GRs) [@pone.0058899-McMaster1]. One mechanism, transactivation, results in the upregulation of the expression of IκBα, increasing the amount of IκBα present to inhibit NFκB. The other mechanism, transrepression, results in downregulation of NFκB target genes via the activated GR binding to NFκB, rendering it inactive. The specific mechanism of inhibition of chondrogenesis is likely different between dexamethasone and GalNAc-a, although NFκB signaling likely plays a central role in both cases. NFκB signaling plays a crucial role in limb development and chondrogenesis of growth plate chondrocytes. Specifically, growth plate chondrogenesis requires NFκB signaling by inducing BMP-2 expression and activity [@pone.0058899-Wu1], [@pone.0058899-Wu2]. BMP signaling is also required for early stages of limb bud development during mesenchymal condensation, an initial embryological stage of chondrogenesis. Kanegae and colleagues showed that NFκB is localized to the most distal region of the developing limb and inhibition of NFκB results in severe alterations in limb growth [@pone.0058899-Kanegae1]. Additionally, protein kinase A phosphorylates serine 181 on SOX9, increasing the activity of SOX9 [@pone.0058899-Kumar1]. Protein kinase A is a transcriptional target of NFκB [@pone.0058899-Kaltschmidt1]. Ushita and colleagues identified the NFκB protein RelA as a transcriptional inducer of SOX9 expression [@pone.0058899-Ushita1]. Furthermore, transforming growth factor beta (TGF-β) proteins, a family of growth factors that induce chondrogenesis, activate the mitogen-activated protein kinase (MAPK) signaling pathway and NFκB [@pone.0058899-Gingery1], [@pone.0058899-Derynck1]. All of these findings suggest that NFκB plays a central and complex role during chondrogenesis.

Inhibition of SOX9 likely plays a role in the observed reduced chondrogenesis evident by reduced ECM accumulation by MSC exposure to GalNAc-a. SOX9 is the master regulator of chondrogenesis and is known to regulate the expression of type II collagen and aggrecan [@pone.0058899-Furumatsu1], [@pone.0058899-Sekiya1]. During chondrogenesis, expression of SOX9 is regulated by intracellular SMAD proteins which are activated by TGF-β proteins [@pone.0058899-Derynck1], [@pone.0058899-Furumatsu1]. SOX9 expression decreased starting at 50 µM GalNAc-a exposure, accompanied by decreases in aggrecan and type II collagen gene expression. Additionally, dexamethasone exposure inhibited both aggrecan and type II collagen gene expression, which supports previous literature from two separate research groups that showed inhibition of proteoglycans synthesis in ATDC5 cells, a chondrogenic cell line [@pone.0058899-Fujita1], [@pone.0058899-Owen1].

The chondrocytes and MSCs were encapsulated and cultured in hydrogels, where minimal direct cell-cell interactions can be established. This lack of direct cell-cell interaction may explain the inhibited chondrogenesis observed in the presence of dexamethasone, which is the opposite of findings from previous studies [@pone.0058899-Derfoul1], [@pone.0058899-Zimmermann1]. Derfoul and colleagues showed that dexamethasone induced chondrogenesis of human MSCs in pellet cultures, where cell-cell contacts are prevalent [@pone.0058899-Derfoul1]. Prior studies evaluating cartilage formation in embryos showed dexamethasone was required for inducing cartilage nodule formation in organoid cultured embryos [@pone.0058899-Zimmermann1]. Furthermore, Zimmermann and colleagues suggested that high density culture, in which intercellular connections of GRs can form, is required for dexamethasone-induced chondrogenesis [@pone.0058899-Zimmermann1].

Our finding of increased MMP13 expression at low analog concentrations in IL-1β-stimulated chondrocytes and all analog concentrations in chondrogenic-induced MSCs is inconsistent with analog inhibition of NFκB activity. However, regulation of MMP13 expression can be mediated by ECM signaling through type II collagen, and it is possible that these effects were dominant in these studies. In healthy cartilage, the intact pericellular matrix is predominantly composed of proteoglycans, which limits type II collagen binding to discoidin domain receptor 2 (DDR2) [@pone.0058899-Vonk1]. During the early stages of OA, increased ADAMTS (a disintegrin and metalloproteinase gene family) levels result in degradation of proteoglycans, exposing DDRs to collagen. When collagen binds to DDRs, it mediates numerous downstream effects, including cell differentiation, ECM remodeling and cell cycle control [@pone.0058899-Vogel1]. In particular, DDRs have been shown to activate p38 MAPK signaling, which occurs as a result of stress, leading to upregulated MMP13 expression [@pone.0058899-Vonk1], [@pone.0058899-Xu1], [@pone.0058899-Xu2]. Altered pericellular matrix composition is a potential mechanism for the increase in MMP13 expression observed in both cell types studied. At low analog concentrations, chondrocytes exhibited an initial increase or maintenance of MMP13 expression, likely due to increased interaction with type II collagen prior to dense pericellular matrix formation. In the chondrogenic induction experiment, the reduction in the proteoglycan-rich pericellular matrix may have increased type II collagen interacting with DDR2, subsequently increasing MMP13 expression.

The NFκB pathway is well conserved across species ranging from the fruit fly to human. Therefore, the differential response to hexosamine analogs between bovine chondrocyte and goat MSCs is unlikely a result of species variance. Within a given cell fate (i.e. chondrocytes or chondrogenesis), the level of response may vary between species as the relative abundance of NFκB protein levels likely varies. Additionally, age-related changes in the degree of response may affect the therapeutic application of these molecules. Therefore, further studies need to be performed to elucidate the degree of therapeutic potential of these molecules in human chondrocytes with varying age and disease.

In summary, we demonstrated the potential of a new class of molecules, C1-OH tributanoylated hexosamines, GalNAc, GlcNAc and ManNAc, to increase cartilage-like tissue accumulation by IL-1β-stimulated chondrocytes. Furthermore, all three molecules reduced NFKB1 and IκBα gene expression, consistent with NFκB inhibitory properties of these analogs. GalNAc-a exposure produced the greatest ECM accumulation by IL-1β-stimulated chondrocytes. However, GalNAc-a exposure produced an opposite effect on MSCs, where a decrease in ECM accumulation was observed. These findings are in support of the function of NFκB signaling during limb development and growth plate chondrogenesis. Our results suggest the potential for a new class of hexosamine analogs as disease-modifying agents for treating cartilage damage, while emphasizing the necessity to investigate multiple means of cartilage repair when developing therapeutic strategies. The *in vivo* effects of the analogs need to be tested to further characterize their therapeutic windows and their effects on multiple cells types in the joint, including, chondrocytes, MSCs, synoviocytes and immune cells.
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**WST-1 cell proliferation assay for the three analogs investigated.**

(TIF)
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Click here for additional data file.

###### 

**Effect of IL-1β stimulation on biochemical content of chondrogenic-induced MSCs encapsulated in PEGDA hydrogels.** (A) DNA normalized to construct dry weight (n = 3, \*P\<0.05) and (B) sGAG normalized to DNA content (n = 3, \*\*\*P\<0.001). (C) Histological staining for proteoglycans using Safranin-O (scale bar: 50 µm).

(TIF)
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Click here for additional data file.
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**List of bovine primers used for real-time PCR.**

(DOCX)
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Click here for additional data file.
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**List of goat primers used for real-time PCR.**

(DOCX)

###### 

Click here for additional data file.
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